We have performed an X-ray study of the nearby barred spiral galaxy NGC 1672, primarily to ascertain the effect of the bar on its nuclear activity. We use both Chandra and XMM-Newton observations to investigate its X-ray properties, together with supporting high-resolution optical imaging data from the Hubble Space Telescope (HST), infrared imaging from the Spitzer Space Telescope, and ATCA ground-based radio data. We detect 28 X-ray sources within the D 25 area of the galaxy, many of which correlate spatially with starformation in the bar and spiral arms, while two are identified as background galaxies in the HST images. Nine of the X-ray sources are ULXs, with the three brightest (L X > 5 × 10 39 erg s −1 ) located at the ends of the bar. With the spatial resolution of Chandra, we are able to show for the first time that NGC 1672 possesses a hard (Γ ∼ 1.5) nuclear X-ray source with a 2-10 keV luminosity of 4 × 10 38 erg s −1 . This is surrounded by an X-ray bright circumnuclear star-forming ring, comprised of point sources and hot gas, which dominates the 2-10 keV emission in the central region of the galaxy. The spatially resolved multiwavelength photometry indicates that the nuclear source is a low-luminosity AGN (LLAGN), but with star formation activity close to the central black hole. A high-resolution multiwavelength survey is required to fully assess the impact of both large-scale bars and smaller-scale phenomena such as nuclear bars, rings and nuclear spirals on the fueling of LLAGN.
1. INTRODUCTION The presence of a bar in a galaxy plays an important role in its evolution. Approximately two-thirds of all spiral galaxies are barred (e.g. Eskridge et al. 2000; Menéndez-Delmestre et al. 2007) , so any complete picture of galaxies must include the impact of bars on both their nuclear and extra-nuclear properties. Secular (i.e. internal) galaxy evolution involving bars, oval distortions and spiral structure can have a significant effect when a galaxy is no longer merging or interacting strongly with other galaxies (see Kormendy & Kennicutt 2004 ). For example, there is believed to be a causal connection between the existence of a bar and a galaxy's circumnuclear properties. Bars can drive gas from the outer disk to the inner regions of the galaxy; gas clouds are shocked as they encounter the leading edge of the bar, lose angular momentum, and flow towards the galaxy's center (Shlosman et al. 1990 ). An observable result of this is that a substantial fraction of galaxies with bars show enhanced starformation activity in their central regions, and the inflow of material is also believed to build 'pseudobulges', which are distinct from classical galaxy bulges (Kormendy & Kennicutt 2004) . A strong global density pattern such as a bar can also produce a series of resonances between the angular velocity of the bar and the orbital motions of stars and gas in the disk, where rings can form (Buta 1999) . Indeed, some galaxies with bars are known to have circumnuclear rings of star formation (e.g. Buta & Combes 1996; Knapen 2005a) , resulting from increased gas density at or near the Inner Lindblad Resonance (ILR).
A question that we are addressing with this study is, can the material driven to the center of a galaxy by the bar also fuel an active galactic nucleus (AGN)? While there is clear observational evidence that bars in disk galaxies cause higher central concentrations of gas (and hence centrally concentrated star formation) compared to non-barred galaxies, it is unclear whether a large-scale bar is sufficient to transport material close enough for AGN feeding (typically on AU scales, see Knapen 2005b for a review). Additionally, in an X-ray study by Maiolino et al. (1999) using Ginga, ASCA and BeppoSAX data, a strong correlation was found between absorbing column density toward Type-2 Seyfert nuclei and the presence of a strong bar, i.e. more than 80% of Compton-thick Seyfert 2s are barred. This suggests that if a low-luminosity AGN (LLAGN) is present, it may be obscured from view at optical wavelengths and/or diluted by strong star-formation activity, which could lead to a misclassification as a pure star-forming nucleus.
The topic of the influence of bars on galaxy evolution is not well studied at X-ray energies, but we are now able to utilize the excellent complementary imaging and spectral capabilities of Chandra and XMM-Newton to make detailed investigations of the X-ray characteristics of these systems. In particular, high-spatial-resolution X-ray observations with Chandra provide an ideal method for searching for low-level AGN activity in nearby galaxies, in the form of a hard central point source that may not be visible at other wavelengths. It also allows us to separate potential AGN activity from other types of X-ray sources that may reside close to the nucleus, such as X-ray binaries (XRBs) associated with circumnuclear star-formation. Indeed, X-ray surveys utilizing Chandra have proved successful in recent years in identifying previously unknown LLAGN activity in nearby galaxies. In particular, X-ray nuclei spanning a wide range of X-ray luminosities (∼ 10 37 − 10 44 erg s −1 , 2-10 keV) have been detected in a large fraction (typically ∼45-70%) of galaxies hosting low-ionization nuclear emission regions (LINERs; Heckman 1980), as well as galaxies classed as having HII or transition nuclei (e.g. Ho et al. 2001; Terashima & Wilson 2003; Satyapal et al. 2004; Satyapal et al. 2005; Flohic et al. 2006; González-Martín et al. 2006; González-Martín et al. 2009; Zhang et al. 2009; Desroches & Ho 2009 ). Studies at other wavelengths have also recently been used to uncover previously unknown AGN activity in nearby galaxies. For example, Spitzer infrared (IR) spectroscopic surveys have revealed bonafide AGN in both LINERs and IR-bright galaxies, some of which showed no sign of such activity in optical studies (Dudik et al. 2009; Goulding & Alexander 2009 ). High-resolution radio imaging has been shown to be an efficient method for finding LLAGN activity; compact radio nuclei have been found in 50% of LINERs/LLAGN, which are thought to be attributable to relativistic jets produced by accreting super-massive black holes (Nagar et al. 2005 and references therein) .
To begin to address the nature of the nuclear (and offnuclear) X-ray emission in barred galaxies, we have conducted a pilot study of the barred galaxy NGC 1672, using X-ray observations from both Chandra (40 ks) and XMMNewton (50 ks). Here we report the results from these observations, and use supporting HST/ACS, Spitzer and ATCA radio observations to assist in the interpretation of the X-ray results. This paper is laid out as follows. In § 2 we give background information on the target galaxy NGC 1672. In § 3, we describe the Chandra, XMM-Newton, HST/ACS, Spitzer and ATCA radio observations and data analysis techniques, and in § 4 we present our results. In § 5 we discuss the nature of the nuclear emission, and in § 6 we compare our results with those for other barred and non-barred galaxies in the literature. Throughout this paper we use a distance to NGC 1672 of 16.3 Mpc, corresponding to a recession velocity of 1140 km s −1 relative to the centroid of the Local Group (Osmer et al. 1974) , with H 0 =70 km s −1 Mpc −1 .
NGC 1672
For this pilot study, we have selected the nearby (16.3 Mpc) late-type barred spiral galaxy NGC 1672 (SB(r)bc). It has a moderately low inclination angle (i = 34
• , de Vaucouleurs et al. 1991) , and is known to have a strong bar (2.4 ′ in length, corresponding to 11.4 kpc at a distance of 16.3 Mpc), many HII regions in its four spiral arms, plus vigorous star formation at the ends of the bar (Brandt et al. 1996 , and references therein). It has a high IR luminosity (log L F IR /L ⊙ = 10.2), and a global star formation rate (SFR) of 2.7 M ⊙ yr −1 (Kewley et al. 2000) . Optical studies have given conflicting evidence as to the nature of the nuclear activity in NGC 1672. It was noted by Sérsic & Pastoriza (1965) as having a complex or 'amorphous' nuclear morphology, and was subsequently shown by Storchi-Bergmann et al. (1996) to possess a circumnuclear ring of star formation, measuring ∼ 11 ′′ × 9 ′′ (0.9 × 0.7 kpc at a distance of 16.3 Mpc), located between two ILRs. Therefore, studies of its nuclear properties that use large apertures are strongly affected by the star-formation in the ring. For example, Osmer et al. (1974) showed that the optical emission spectrum in the central 17
′′ was similar to those of normal HII nuclei, but with an Hα/Hβ ratio indicative of a large amount of dust reddening. Storchi-Bergmann et al. (1995) also measured optical emission-line ratios in a relatively large 10 ′′ × 20 ′′ aperture, and classified the nucleus as 'composite', with ratios between those of typical starburst and Seyfert values. More recent optical line ratio diagnostics by Kewley et al. (2000) of the emission within a ∼ 13 ′′ slit are indicative of an HII-type nucleus, with no Hα line broadening detected. All of these studies will have been strongly contaminated by the emission from the circumnuclear starburst ring; however they do demonstrate that this component is dominant, and that any potential AGN activity would be relatively weak.
More detailed, spatially resolved studies have also given ambiguous results. Veron et al. (1981) Storchi-Bergmann et al. (1996) also measured spatially-resolved (2 ′′ ) emission-line ratios, which were better modeled by a LINER-type stellar photoionization model with T ef f ≥ 45, 000 K, rather than photoionization by a strong AGN continuum.
NGC 1672 has previously been observed with at X-ray wavelengths with ROSAT and ASCA. Three bright X-ray sources were detected in the soft 0.2-2.0 keV band with the ROSAT HRI and PSPC, which were clearly associated with the galaxy (Brandt et al. 1996; de Naray et al. 2000) . The brightest source was located at the nucleus, and the other two were cospatial with the ends of the bar. The nucleus had a soft X-ray spectrum consistent with thermal emission with a temperature of 0.68 keV, with a soft X-ray luminosity of 7 × 10 39 erg s −1 (0.2-2.0 keV). However, these studies were again unable to resolve the nuclear emission spatially due to the 5 ′′ FWHM of the HRI point-spread-function (PSF), and so could not determine whether the bulk of the soft emission came from a starburst or AGN. Furthermore, the ASCA data showed no evidence of significant hard (2-10 keV) emission from the nuclear source, with the hard emission in the galaxy being dominated by two off-nuclear X-ray sources (X-3 and X-7, see figure 4b in de Naray et al. 2000) . Thus, it was concluded that if an active nucleus is present in NGC 1672, it must be Compton-thick, with N H > 2 × 10 24 cm −2 .
3. OBSERVATIONS AND DATA REDUCTION 3.1. Chandra Observations NGC 1672 was observed with Chandra for 40 ks on April 30, 2006 (ObsID 5932) using the back-illuminated S3 chip of the Advanced CCD Imaging Spectrometer (ACIS). The field of view of the observation is shown in Figure 1 ; the nucleus of the galaxy was placed at the aimpoint of the S3 1' Figure 1 . DSS optical image of NGC1672 showing the Chandra ACIS-S field of view (solid red), the HST/ACS field of view (dotted blue), and the 3-and 6-cm radio beam sizes (dashed green circles of 5.5 ′ and 9.8 ′ diameters respectively). The D 25 ellipse of the galaxy is shown with a solid (black) line. The XMM-Newton and Spitzer observations cover the D 25 area of the galaxy. North is up, east to the left. chip, and the observation encompasses the entire D 25 10 extent of the galaxy. The data were initially processed with the Chandra Interactive Analysis of Observations (CIAO) tool suite version 3.3, with CALDB version 3.2.1. The processing included a charge transfer efficiency (CTI) correction and time-dependent gain correction. Further data analysis was performed using CIAO version 3.4. A full-field light curve was extracted from the level-2 event list to search for periods of high background, but no strong flares were found, leaving a net exposure time of 39.6 ks.
Imaging & Source Detection
The basic data reduction was done using standard CIAO data analysis threads.
11 Images were created of an 8 ′ ×8
′ region (encompassing the full D 25 area of the galaxy) at full 0.492 ′′ pixel resolution in soft (0.3-1 keV), medium (1-2 keV), hard (2-10 keV) and broad (0.3-10 keV) energy bands. Monochromatic exposure maps were created at 0.8, 1.0 and 2.0 keV, corresponding to the peak energy in the soft, medium and hard band data. The images were adaptively smoothed using the csmooth task, with a fairly low significance of 2σ above the local background (corresponding to ∼1-30 pixels in the body of the galaxy) to avoid oversmoothing of faint features in the central region (see § 4.3).
10 D 25 = the apparent major isophotal diameter measured at the surface brightness level µ B = 25.0 mag/arcsec 2 11 http://asc.harvard.edu/ciao/threads/index.html Initial detection of candidate sources was carried out in each energy-band image using the CIAO task wavdetect, a Mexican Hat wavelet source detection algorithm. Wavelet scales of 1.0, 1.414, 2.0, 2.828, 4.0, 5.657 & 8.0 pixels were used, and the significance threshold was set to 1.0 × 10
corresponding to approximately one false detection per band over the 8×8 ′ field. A merged source list was created that included sources detected in all bands, which was used as the input list for source parameterization in the ACIS Extract 12 IDL software (AE; Broos et al. 2010) . The main steps in the procedure are (1) the definition of source extraction regions based on the 90% contour of the local PSF, (2) trial extraction of events within those regions, (3) improvement of positions if necessary (see below), (4) full extraction of source and background spectra using final positions, and the creation of associated RMFs and ARFs for each source.
Source positions were improved (in step 3) using the CHECK POSITIONS stage, which computes "mean data" and "correlation" positions for all sources. The "mean data" position corresponds to the central position of the extracted inband events in the 0.3-10 keV band, while the "correlation" positions are obtained by convolving the data image with a position-dependent model PSF. The offsets between these and the original wavdetect positions were typically 0.1-0.8 ′′ . The position estimates were visually reviewed, and the best was chosen for each source. Where there was little difference between the estimates, the original position was retained.
The source extraction regions were based on the 90% contour of the local PSF at the final positions. Background spectra were extracted in local annuli, with inner radii of 1.1 times of the 99% radius of the PSF (to exclude any residual source flux), and outer radii tailored so that each background spectrum contains at least 100 counts. For the central (ring) region, the whole area (17 ′′ radius) was masked out from the background map due to the clumpy diffuse emission in the area, and the background subtraction for sources in this region (except for the nucleus) was performed using the area immediately outside this.
Due to the complexity of the central region, the spectrum of the nuclear X-ray source was extracted manually in CIAO using specextract. ′′ radius), and was chosen using the radio contours as a guide in order to cover as much of the area inside the ring, without encountering any ring emission (see § 4.3). Any other typical non-local background region would have left residual soft emission in the nuclear source counts.
Since there is significant diffuse emission in the circumnuclear ring area, it is possible that some of the candidate sources detected there may be clumpy gas rather than true point sources. To test this, we performed PSF fitting using the AE task AE RADIAL PROFILE, which computes a 1-sided KS probability to determine whether the observed counts in the 1-2 keV energy range are consistent with the model local 1.49 keV PSF encircled energy distribution. Six candidate sources in the ring region were inconsistent with the local PSF profile with a significance of > 99%. Sources without detections in the hard 2-10 keV band and with a KS probability > 99% were deemed to be diffuse and discarded.
The final Chandra catalog contains 28 sources inside the D 25 ellipse, and their properties are listed in Table 1 . Sources with significance of > 2.5σ were retained, including faint Chandra counterparts to two significantly detected XMMNewton sources (for variability and completeness). This detection threshold corresponds to >12 net source counts. Source fluxes were determined using spectral fitting (see § 3.3). The absolute astrometry of Chandra is generally accurate to within ∼1 ′′ . 13 To confirm this, the X-ray positions were compared to the 2MASS point source catalog. Three counterparts were found in the field; the offsets between the X-ray and 2MASS positions were small (0.14, 0.16 & 0.6 ′′ ), and in non-uniform directions, with the greatest offset for a source 4 ′ off-axis at the edge of the field. Given this accuracy, no astrometric correction was made to the Chandra positions.
3.2. XMM-Newton Observations NGC 1672 was observed with XMM-Newton for 50 ks on November 27, 2004 (ObsID 0203880101). The EPIC MOS-1, MOS-2 and PN cameras were operated with medium filters in Prime Full Window mode. Full-field light curves were accumulated for the three exposures in the 10-15 keV band to check for high background intervals of soft proton flares. The data were found to be clean for the duration of the observation, and the full time intervals were used in subsequent analysis: 47.9 ks (PN), 49.4 ks (MOS1) & 49.5 ks (MOS2). All 13 http://cxc.harvard.edu/cal/ASPECT/celmon/ data (images and spectra) were created using standard patterns corresponding to single and double pixel events for the PN (0-4), and patterns 0-12 (single to quadruple events) for the MOS cameras. For spectral extraction, the quality flag was set to zero to reject events from bad pixels and events too close to the CCD chip edges.
Multi-band source detection was performed on the PN and MOS data, using the methods detailed in Jenkins et al. (2005) . In brief, images were created in the following energy bands: soft (0.3-1 keV), medium (1-2 keV) and hard (2-10 keV). Exposure maps were created for each instrument/energy band using the SAS task EEXPMAP, and detector masks were created for each camera with EMASK. Two methods of initial source recognition were used: EBOXDETECT, a sliding-box algorithm that simultaneously searches the three energy band images, and EWAVELET, a Mexican hat wavelet detection routine that works on individual images. Both used background maps created with ASMOOTH. The source lists from both methods were then parameterized using EMLDETECT, which performs maximum likelihood PSF fits to each source. These were then compared, and any additional sources detected with EWAVELET were added to the EBOXDETECT source list, and the parameterization repeated. All sources significant at > 4σ in at least one energy band, and within the D 25 ellipse of NGC 1672, were retained and visually inspected. Spectra, ARFs and RMFs were extracted from the data for each source using the SAS task especget.
The final XMM-Newton catalog contains 19 extra-nuclear sources, and their properties are listed in Table 1 along with the corresponding Chandra properties. The source fluxes were again determined using spectral fitting (see § 3.3). Note that six sources (including the nucleus) within the central ∼20 ′′ radius are not spatially resolved with XMM-Newton; these are marked with (N)=nucleus and (C)=central region source. Apart from #10, 17 and 24, all other sources detected in the Chandra observation are detected in the XMM-Newton observation.
X-ray Source Spectral Fits
To estimate source fluxes reliably, we have performed spectral fitting on each source using XSPEC v12. Detailed spectral fitting was performed on Chandra sources with > 100 net counts, and on XMM-Newton sources with > 100 net counts in either the PN or MOS data. These spectra were binned (grouped to a minimum of 20 counts per bin) and fitted, using χ 2 statistics, with both powerlaw+absorption (PO*WABS) and disk blackbody+absorption (DISKBB*WABS) models. In all cases, the powerlaw model provided the best fit. Spectral parameters and corresponding 0.3-10 keV fluxes and luminosities are shown in Table 1 . For the XMM-Newton data, the PN, MOS1 and MOS2 spectra were fitted simultaneously. The fluxes and errors from the three instruments were combined to provide a weighted mean flux for each source using the method of Barlow (2004) . Figure 1) . Exposure times were 2444 s in each observation, split into four separate observations corresponding to the visibility of NGC 1672 in each single orbit. We also include in our analysis an archival ACS High Resolution Channel (HRC) F330W UV observation of the nucleus of NGC 1672, taken July 19, 2002, with an exposure time of 1140 s. All of the ACS observations were processed through the standard multidrizzle pipeline (Koekemoer et al. 2002) . As sub-pixel dithers were not used in the observations, the drizzle parameters pixfrac and scale were set to unity, preserving the native pixel scale of both the HRC and WFC. Each of the ACS WFC images were astrometrically registered with 2MASS stellar objects falling within the FOV, yielding an astrometric fit with an RMS of ∼ 0.15 ′′ . The F658N image is significantly contaminated by continuum emission within the Hα passband; we therefore created a continuum-subtracted image (denoted F658CS) using a continuum image estimated from a linear combination of the F550M and F814W images (weighted by their separation from the Hα line, and multiplied by the relative sensitivity of each filter to obtain the same physical units in each image).
The ACS images have a very high spatial resolution of ∼0.1 ′′ . They show that, while the optical emission peaks in the central 2 ′′ nuclear region, it is clearly non-point like with a FWHM of ∼30 pixels (1.5 ′′ ). Indeed it displays a complex/irregular morphology, and in a visual inspection we found no obvious point sources that could correspond to, for example, a nuclear star cluster (which are generally only "marginally resolved " in HST images of nearby galaxies, Böker et al. 2004) . The complexity and extended nature of the region suggests that the use of any moderate sized photometric aperture will result in a significant overestimate of the true flux from the nucleus. We investigated this in three ways: (1) via PSF subtraction, (2) narrow aperture photometry, and (3) photometry using the Chandra aperture.
To estimate the maximum magnitude of any point source at the center of the galaxy, PSFs were constructed from isolated point sources in each image and subtracted from the centroid of the galaxy light in each band, scaled such that their cores resulted in a roughly zero flux value for the brightest pixel in the galaxy core. For two filters it was not possible to obtain actual PSFs from the images. In the case of F330W, the HRC field of view is too small for any bright, isolated sources to be present, while in our F658N continuum-subtracted image the stars were largely subtracted. To overcome this, we used TinyTim 15 to create artificial PSFs for these filters, which were then subtracted from the data. The resulting upper limits are shown in Table 2. 15 http://www.stecf.org/instruments/TinyTim/ An alternative to direct PSF subtraction is to use a narrow aperture for the determination of the light within the nucleus, and then to apply the aperture corrections tabulated by Sirianni et al. (2005) . We used a 0.1 ′′ (2 pixel) radius aperture, and subtracted the background using an 1.2-2 ′′ annulus centered on the nucleus. To compare directly with the Chandra observations, we have also performed photometry using the same physical aperture (1.2 ′′ radius) and background annulus (again 1.2-2 ′′ ). The resulting magnitudes from these methods are also shown in Table 2 .
The upper limits measured using the PSF subtraction method are similar to the measurements obtained from the narrow aperture, though there is a good deal of scatter between these and the larger Chandra aperture measurements. Given that PSF subtraction gives the most stringent constraints on the magnitude of a nuclear point source, we adopt these limits for the multiwavelength comparison (see Table 3 ), and the construction of the nuclear spectral energy distribution (SED, see § 5.2). The AB magnitudes were converted to flux density using ABmag = −2.5 log F ν − 48.6, 16 and then into luminosity using νL ν = 4πd 2 F ν ×Central filter frequency. 17 We note that the centroid of the emission in the F330W images does not correspond with that seen in data taken at longer wavelengths, which suggests that there is some extinction along the line-of-sight.
Spitzer IR Observations
NGC 1672 was observed with the Spitzer Infrared Array Camera (IRAC, Fazio et al. 2004 ) on November 29 2006 (Program ID 30496, PI Fisher) . Basic Calibrated Data (BCD) were retrieved from the archive at 3.6, 4.5, 5.8 and 8.0µm. We performed post-BCD processing (mosaicing, with a plate scale of 0.86 arcsec/pixel) using the Spitzer data-processing package MOPEX (Makovoz et al. 2006) . The images are flux calibrated in the pipeline in units of surface brightness (MJy sr −1 ), and we converted them to flux density units by multiplying by a conversion factor of 1MJy sr −1 = 17.38 µJy per pixel. This is a combination of the conversion given in the Spitzer Observers Manual (1MJy sr −1 = 23.50443 µJy arcsec −2 ), and the pixel solid angle (0.74 arcsec 2 ). A MIPS (multi-band imaging photometer) 24µm calibrated image was also retrieved from the archive (from the same Spitzer program), which was reduced using standard pipeline processing. A stellar-continuum subtracted 8.0µm (PAH) image was created to highlight the star-forming regions, using a conversion based on a standard model of the starlight near-IR SED; this is 8.0µm − 0.232×3.6µm (Helou et al. 2004) .
Photometry was performed on the nuclear source in the four IRAC bands using a 1.
′′ 5 radius aperture centred on the Chandra position of the nucleus, using a local annular background between 2.5-3.0
′′ . This aperture was chosen because of the larger PSF of IRAC (1.4-1.7
′′ FWHM, Fazio et al. 2004) , and aperture corrections were applied as detailed in the IRAC Data Handbook v3.0, section 5.5.1. The resulting flux densities (and AB magnitudes) are shown in Table 3 . Note that photometry is not performed on the MIPS data, as the spatial resolution (∼6 ′′ ) is insufficient to separate the nuclear source from the circumnuclear ring emission. ′ . The data for both observations/frequency bands were combined using 'robust' weighting (r = 0), resulting in an angular resolution of 1.3 ′′ ×1.0 ′′ and an rms of 0.03 mJy/beam. The 6-cm image was created using archival data in the 6A configuration obtained in May 2002, with an on-source integration time of 11 h. The observation consists of two frequency bands centred 18 http://www.atnf.csiro.au/computing/software/miriad/ at 4800 MHz and 4928 MHz, with bandwidths of 128 MHz divided into 32 channels. At 4864 MHz the ATCA primary beam is 9.8 ′ . The data from both frequency bands were combined, resulting in an angular resolution of 1.9 ′′ ×1.7 ′′ and an rms of 0.04 mJy/beam. The source PKS B1934-638 was used as the primary (amplitude & bandpass) calibrator, and PKS B0522-611 and PKS B0420-625 were used as the secondary (phase) calibrators at 3-and 6-cm, respectively.
A point source fit to the nuclear source gives a position of α, δ(J2000) = 04 h 45 m 42.50 s , −59
• 14 ′ 49.85 ′′ (±0.12 ′′ ). We measure peak fluxes of 0.95 ± 0.15 mJy at 3-cm and 1.62±0.15 mJy at 6-cm. We measure integrated flux densities of 34 mJy (3-cm) and 35 mJy (6-cm) for the radio continuum emission from both the nuclear source and surrounding starforming ring. It is likely that some extended flux has been resolved out by the interferometer. Single-dish radio continuum flux estimates of NGC 1672 (PMN J0445-5914, PKS J0445-5915) at ∼5 GHz (6-cm) are typically around 100 mJy (see Wright et al. 1994; Harnett 1987) . There is also one other radio source in the field of view at α, δ(J2000) = 04 h 45 m 36.70 s , −59 • 14 ′ 28.00 ′′ (±0.03 ′′ ), with flux densities of 1.5 ± 0.1 mJy (3-cm) and 1.4 ± 0.1 mJy (6-cm). This is positionally coincident with X-ray source #8 (044536.73-591428.0). Figure 2 (a-c) shows 3-color Chandra, XMM-Newton and Spitzer IRAC images of the entire D 25 area of NGC 1672. The X-ray sources outside the nuclear region are well resolved in both the Chandra and XMM-Newton data, and are discussed in § 4.1. There is also a diffuse hot X-ray gas component, which is shown in Figure 2 (d) as extended red/green X-ray emission (see § 4.2). The nuclear region is very bright at all wavelengths, and will be discussed in detail in § 4.3. The Spitzer IR data show that the majority of the non-nuclear star-formation activity is confined to the bar and inner spiral arms (illustrated in red and green), whereas older stellar populations are spread throughout the disk (illustrated in blue). Figure 3 shows the high-resolution 3-color HST/ACS image, where the bar structure, numerous HII regions and dust lanes are visible. Figure 4 (top left) shows the DSS optical image of NGC 1672, overlaid with the positions of the 28 X-ray sources detected within the D 25 area of the galaxy (blue crosses). Note that we do not plot the source positions on the HST image here since it does not cover the entire D 25 area. The positions correlate well with the optical structure of the galaxy, with sources concentrated in the nuclear region (see § 4.3) and spread throughout the disk and spiral arms. The extra-nuclear source fluxes range between F X = 2.3 × 10 −15 − 2.8 × 10 −13 erg s −1 cm −2 over both XMM-Newton and Chandra observations, corresponding to L X = 7.4 × 10 37 − 9.0 × 10 39 erg s −1 at the distance of NGC 1672.
RESULTS

X-ray Point Source Population
Nine sources, almost a third of the population, reach ultraluminous X-ray source (ULX) luminosities (L X > 10 39 erg s −1 , 0.3-10 keV) in either one or both X-ray observations; these are marked with red circles (sources 1, 4, 5, 6, 7, 13, 24, 25 and 28) . Three of the ULXs are very bright (sources 4, 5, and 25 with L X > 5 × 10 39 erg s −1 , marked with larger circles), and are co-spatial with the ends of the bar (as previously noted by Brandt et al. 1996) . This is consistent with models that show that gas can accumulate at the tips of bars due to the corotation of the bar structure with the disk (Englmaier & Gerhard 1997) , thereby creating starforming regions where X-ray binaries can form. Other examples of this phenomenon have been observed in the barred galaxies NGC 7771 (Jenkins et al. 2005) and NGC 4303 (Jiménez-Bailón et al. 2003) . #4, 5 & 25) . Sources that show variability of > 2.5σ between the two observations are also marked with white squares (including sources detected in only one observation). The dotted diamonds denote sources #8 & 26, which are resolved as background galaxies in the optical HST/ACS images; these are shown in the lower panel, where the diamond boxes are 2 ′′ × 2 ′′ centered on the X-ray positions. Top right: the Spitzer IRAC continuum-subtracted 8µm image, showing the locations of the X-ray sources with respect to star-forming regions in the galaxy.
the Spitzer 8µm image, illustrating the coincidence of many X-ray sources with regions of star-formation in the bar and inner spiral arm regions. We have correlated the X-ray source positions with the HII region catalog of Evans et al. (1996) . Taking into account both the absolute astrometric accuracy of the X-ray and HII region positions (∼1 ′′ combined) as well as the measured areas of the HII regions, we associate eleven Xray sources with HII regions (2, 4, 5, 7, 13, 14, 18, 21, 25, 27, and 28) . These include the three brightest ULXs, and three sources in the circumnuclear ring.
We have not performed any complex spectral fitting on the X-ray sources, as even the brightest are well-fit with simple absorption+powerlaw models, with χ 2 ν close to 1 (see Table 1 ). The spectra and model fits are shown in Figures 5 and 6. However, we note that even though this simple model provides acceptable empirical fits to these data, this is likely due to the relatively low photon counts ( 2000 counts, total PN+MOS or ACIS-S), and the true underlying spectral shapes are likely to be more complex (see Stobbart et al. 2006 for a discussion). Figure 4 (top left) also denotes variable sources (marked with white squares). Six sources show significant long-term flux variability between the XMM-Newton and Chandra observations at levels of > 2.5σ; these are sources 1, 4, 6, 8, 21 and 25. Most notable are the increases in flux in two of the brightest ULXs in the Chandra observations; #4 increases by a factor of ∼5 (up to 6.9 × 10 39 erg s −1 ), and #25 increases by a factor of ∼3 (up to 9.0 × 10 39 erg s −1 ), indicating that the high luminosity of these sources is not due to confusion of several fainter sources. These flux increases are accompanied by a spectral hardening of source #4, but no significant spectral change in source #25. The other four sources with spectral fits in both observations show no significant spectral change between observations. Another four sources (10, 17, 24 and 27) are only detected in one observation.
To investigate longer-term behavior, in Table 4 we show a comparison between XMM-Newton, Chandra and ROSAT HRI soft X-ray luminosities for five sources detected in all three observations. We quote the 0.2-2 keV HRI luminosities from de Naray et al. (2000) for the combined 
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Figure 5. XMM-Newton EPIC spectra of the 11 sources with > 100 net PN or MOS counts. PN data points and powerlaw+absorption models are shown in green; those of the MOS data are shown in red/black. 1992/1997 dataset (which gives better photon statistics), together with 0.2-2 keV luminosities derived from the bestfit XMM-Newton and Chandra spectral models corrected for Galactic absorption. Note that we also include #23 (ROSAT source X-5), which was originally believed to be coincident with a foreground star given the ROSAT positional errors (∼5 ′′ ′′ . In fact, this is the source that shows the largest long-term variability with L high /L low = 3.6 over this ∼10 year period. The remaining sources vary in luminosity by factors of 1 − 3.
We estimate the number of background X-ray sources in the D 25 area of NGC 1672 using the hard-band (2-10 keV) log N -log S source distributions from Chandra deep field studies (we do not use the soft-band log N -log S since the detection sensitivity at soft energies will be affected by absorption by neutral material in the galactic disk). Using a source detection threshold of 12 counts in the 0.3-10 keV band (corresponding to the faintest source detected in the Chandra observation), and converting this to a 2-10 keV flux for a typical AGN (∼ 1.5 × 10 −15 erg s −1 cm −2 , using Γ = 1.7 and N H Gal = 0.223 × 10 21 cm −2 ), the log N -log S relations of Giacconi et al. (2001) , Campana et al. (2001) and Bauer et al. (2004) all predict between 2-3 background sources in the 
Figure 6. Chandra ACIS-S spectra of the 8 sources with > 100 net counts, together with the powerlaw+absorption models.
field. Note that this is in fact an upper limit, since the NGC 1672 source catalog is not corrected for incompleteness. Inspection of the HST/ACS images allows us to identify two X-ray sources as background galaxies immediately; these are #26, which appears to be a face-on disk galaxy with a bright nucleus, and #8, which looks like an edge-on galaxy with visible dust lanes seen through the disk of NGC 1672 (see Figure 4, lower panel). As noted in § 3.4.3, source #8 is the only extra-nuclear X-ray source with a detected radio counterpart. At the distance of NGC 1672, the 2-10 keV X-ray luminosity (at its brightest in the XMM-Newton observation) would be L X = 7.9 × 10 38 erg s −1 , and the 5 GHz radio luminosity would be νL ν = 2.2 × 10 36 erg s −1 . According to the Xray/radio fundamental plane of Merloni et al. (2003) , this is inconsistent with emission from a stellar mass black hole (i.e. too radio-bright), and supports the hypothesis that this source is a background AGN (see § 5 for further discussion of this relation with regards to the nuclear source).
Diffuse X-ray Emission
We have used the Chandra observation to study the diffuse X-ray component of NGC 1672 due to its ∼1 ′′ spatial resolution, and hence ease of source subtraction. The morphology of the diffuse emission is illustrated in Figure 2 (d) , where the X-ray point sources and central ring region have been masked, and the residual emission adaptively smoothed. Overlaid are contours from the continuum-subtracted Spitzer IRAC 8.0µm image, which highlights star-formation activity; the diffuse emission is spatially correlated with the IR emission, following the bar/inner spiral arm structure.
A source spectrum was extracted from an elliptical region (a, b) = (2.25 ′ , 1.11 ′ ) centered on the nucleus with a position angle of 90
• . The detected point sources were excluded (using regions with twice the radius of the 90% encircled energy ellipses), as well as the innermost 20 ′′ radius circumnuclear ring region. The background regions were chosen to be (1) the region on the ACIS-S3 chip outside the D 25 radius and not containing point sources, and (2) the region on the ACIS-S1 chip not containing bright point sources. To further constrain the soft end of the background emission, we also used the seven element ROSAT All Sky Survey (RASS) spectral energy distribution (Snowden et al. 1997 ) from an annulus 30 ′ < R < 1 • around NGC 1672, extracted using the X-ray background web tool hosted by the HEASARC 19 . For each Chandra spectrum, we created a particle background spectrum using the "stowed" data from the appropriate chip and mode, scaled to produce the same 10-13 keV band count rate as observed in the ObsID 5932 data. The particle background spectra were then used as the "background" spectra within XSPEC, and the spectra of the galaxy and the remainder of the The Chandra ACIS spectral data and fit for the diffuse galaxy spectrum, the Galactic foreground/extragactic background, and the ROSAT All-Sky Survey (RASS) data. The ACIS-S1 background spectrum is not shown for clarity. background emission were fitted simultaneously. After subtraction of the particle background, there were 1580 counts in the source spectrum and 2890 counts in the background spectra. The spectra and fits are shown in Figure 7 , and the fit parameters for both background and galaxy emission are shown in Table 5 .
The emission in the background regions consists of Galactic foreground emission from the Local Hot Bubble (LHB) and the Galactic halo (modeled with APEC components), the extragalactic background due to unresolved AGN (modeled with a powerlaw), as well as contributions from soft protons (SP). The Galactic halo and the extragalactic background are absorbed by the total neutral column along the line-ofsight (0.223 × 10 21 cm −2 ). The abundances were fixed to the Wilms et al. (2000) solar values. The photon index of the powerlaw was set to 1.46 (Chen et al. 1997) , while the normalization of each spectrum was initially set to the value predicted by the point source detection limit, a total background value of 11.6 photons cm −2 s −1 sr −1 keV −1 at 1 keV (De Luca & Molendi 2004) , and the 0.5-2.0 keV luminosity function of Mateos et al. (2008) . The normalizations of the powerlaws were then allowed to vary, and the fitted values were not too different from the initial values. A SP component was also included in the fit, which can be represented by a flat (Γ = 0) powerlaw with an exponential cutoff at 500 keV (Kuntz & Snowden 2010) .
The galaxy emission was fit with MEKAL thermal plasma models, split into components representing the unabsorbed emission coming from the front of the galactic disk, and absorbed emission coming from behind the disk, with their temperature parameters tied. Adequate fits could not be obtained from a single temperature model. We found that a two-component model provided a very good fit, but cannot rule out the existence of a distribution of temperatures or nonequilibrium plasmas (see the discussion in Kuntz & Snowden 2001) . The temperatures (kT =0.22/0.77 keV) are typical of those found in galactic disks, with a ratio of emission measures typical of late-type galaxies. The abundance of the galaxy was assumed to be solar , and due to the uncertainty introduced by the intermixture of absorption and emission components, the disk absorption column density was initially set to zero and allowed to vary freely. In Table 5 we show fitted values for two different cases, the first assumes no absorbing galactic disk, and the second allows the absorbing column within the galaxy to vary. The final fitted value for the disk absorption was 5.48 × 10 21 cm −2 , rather higher than a typical galactic disk, and which implies a near complete absorption of the flux from the far side of the disk. However, since the spectrum was extracted from the bar region, this value may not be unreasonable. The galactic absorption does not significantly change the fitted temperatures, and the normalizations vary by roughly a factor of two, as one might expect given the strong fitted absorption. The total 0.5-2 keV luminosity of the diffuse components is 4.9 × 10 39 erg s −1 for the model with no intrinsic absorption, and 9.0×10 39 erg s −1 for the model with high disk absorption (see Table 5 ).
In order to place a spectroscopic limit on the contribution to this emission from unresolved point sources, we introduced an absorbed power law component to the model with no intrinsic absorption, fixing the photon index to 1.7, but allowing the absorption and normalization to vary. The best fit allowed allowed a luminosity of 1.2 × 10 39 erg s −1 (0.5-2 keV) to be due to unresolved sources, with a 90% upper limit of 2.4 × 10 39 erg s −1 .
Nucleus: Images and X-ray Photometry
The new high-resolution data allow us to probe the nuclear structure of NGC 1672 on sub-kpc scales. Figure 8 shows images of the central region of the galaxy in the X-ray, optical and 3-cm radio bands. For the first time, the Chandra images (Figure 8a ) spatially resolve the X-ray emission into a weak point source (source #15) surrounded by the circumnuclear ring (white polygons highlight the detected point sources in the region). The HST/ACS data (Figure 8b ) also show that NGC 1672 possesses a nuclear spiral, which is one of the candidate fueling mechanisms for AGN (Martini et al. 2003) . The radio data clearly show both the ring and a compact nuclear source (Figure 8c) , and in the Spitzer IRAC image (Figure 8d ) strong star-forming activity is seen in the ring (8.0µm, green), while the region inside the ring is dominated by older stars (3.6µm, blue). The nucleus itself shows evidence of a combination of the two (note there is still some PAH emission in the nucleus itself).
In Figure 8 (e), radio contours are overlaid on the Chandra image, which illustrates a strong spatial correlation between both the ring and position of the nuclear source. The X-ray position of the nucleus agrees to within 0.25 ′′ with the radio position. The Chandra X-ray contours are overlaid on the Hα image in Figure 8 (f), and show a correlation between the location of the circumnuclear ring and the outer edge of the nuclear spiral. The central X-ray source is also spatially coincident with the peak of the Hα emission.
The nucleus is only detected in the medium band (1-2 keV, 18 net counts) and hard band (2-10 keV, 17 net counts) in the Chandra observation, indicating that there is some obscuring material along the line-of-sight to the nucleus. To estimate the spectral shape (and hence source flux) of the nucleus, an X- ray hardness ratio was calculated using the BEHR algorithm (Park et al. 2006 ). This is a Bayesian method that takes into account the Poissonian nature of low-count data, and deals with situations where no net source counts are detected in one or more bands (as is the case here in the soft band). The hardness ratio is plotted on a model grid in Figure 9 , and indicates that the source is hard (Γ = 1.5 +1.0 −0.8 ) with fairly low absorption (N H ∼ 5 × 10 21 cm −2 ). This translates into an unabsorbed 2-10 keV luminosity of only L X ∼ 3.9 × 10 38 erg s −1 . If we use the upper limit to the absorption in the flux calculation (N H ∼ 1.5 × 10 22 cm −2 ), the luminosity is only marginally increased to L X ∼ 4.2 × 10 38 erg s −1 . This is very faint for a Seyfert galaxy, but does just fall into the range found in the low-luminosity AGN survey of Ho et al. (2001) (L X ∼ 10 38 − 10 41 erg s −1 ). However, we have adopted a very simple model here; more complex models may admit a significantly higher absorption column density (see § 5.3 for further discussion). Figure 10 (top, middle) shows XMM-Newton spectra of the central 22
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′′ radius region of the galaxy, which includes all contributions from the nucleus and circumnuclear ring. The spectra contain ∼10,500 background-subtracted counts in total; ∼6700 counts in the PN data, ∼1800 counts in the MOS1 data, and ∼2000 counts in the MOS2 data. The data were fit simultaneously with two-and three-component spectral models, with combinations of a power-law, to model the nonthermal contributions from accreting sources (XRBs/AGN), and MEKAL thermal plasma components to model the hot gas (see Table 6 ). The simplest model (MEKAL+PO with equal absorbing columns, model 1) yields a reasonable fit (χ 2 ν ∼1.3), with a gas temperature of 0.60 keV and a soft power-law component (Γ=2.27). To improve this, we fitted the data with three-component models. We tried a model where all absorption columns were tied (model 2), and one where each component had it's own absorption (model 3). Of the two, model 3 provides a slightly superior fit (χ 2 ν ∼1.16), with thermal temperatures of kT =0.24/0.60 keV) and a soft power-law (Γ = 2.17 +0.09 −0.09 ). The thermal components in this model show increasing absorption with increasing temperature, a pattern found previously in some starburst galaxies (e.g. Lira et al. 2002; Jenkins et al. 2005) . However, we have frozen the value for the powerlaw absorption to 0.5×10 21 cm −2 (0.72 × 10 21 cm −2 including Galactic absorption), the value we get for model 2 where there is only one absorption column for the whole model; if the absorption is left free in model 3 it tends to zero, which is not realistic if the point sources are related to the same stellar population as the thermal components. The addition of the cooler MEKAL component produces a substantial improvement to the fit, with a ∆χ 2 of 43 for three additional degrees of freedom. Note that the temperatures of the thermal components are consistent with those measured in the diffuse emission analysis ( § 4.2), within the combined uncer- 39 erg s −1 . Note that there is no evidence for a bright AGN-like component that would be absorbed at low energies and only transmitted at higher energies. There is also no indication of a neutral Fe-6.4 keV emission line, typically seen in bright Type-2 AGN (although such a line, if present, would likely be diluted by the emission from the starburst ring). Inserting a narrow Gaussian line at 6.4 keV into the best-fit model, with all other model components frozen, results in a 90% upper limit on the equivalent width of ∼720 eV.
Long-term variability
To search for spectral variability between the XMM-Newton and Chandra observations, we extracted an ACIS-S spectrum from the same nuclear region (Figure 10, bottom) . This spectrum has significantly fewer counts than the XMM-Newton data (3070), therefore we froze the MEKAL temperatures and N H values to those from the XMM-Newton best fit model, and only fit the power-law component. The slope is almost identical to the XMM-Newton observation with Γ = 2.19 servations (de Naray et al. 2000) . The equivalent 0.2-2 keV luminosity in both the XMM-Newton and Chandra data is 8.2×10
39 erg s −1 (corrected for Galactic absorption); there is therefore no evidence of significant variability (in the soft band) over a ∼14 year period.
5. DISCUSSION 5.1. The nature of the nuclear source The nuclear X-ray source in NGC 1672 is observed to have a hard X-ray spectrum, with detections in the medium (1-2 keV) and hard (2-10 keV) bands only. However, the spectral slope is not well constrained with the hardness ratio (Γ = 1.5 +1.0 −0.8 ) due to the low number of counts. This, in conjunction with its low observed 2-10 keV luminosity (L X ∼ 4 × 10 38 erg s −1 ), means that the underlying nature of the emission is not obvious. Given its location, it could be an accreting LLAGN, but there are several other possibilities. For example, the emission may be produced by one, or a few, XRBs associated with star formation in the nuclear region. Or it could be a composite object with some of the emission coming from an LLAGN and some from star-formation. It may also be produced by compact supernovae (SN)/supernova remnants (SNRs), also directly related to any star formation in the region. We investigate these possibilities as follows.
Garcia-Rissmann et al. (2005) have measured a stellar velocity dispersion of ∼110 km s −1 from the calcium triplet (λλ8498, 8542, 8662) lines in the inner 300 pc radius of NGC 1672. According to recent simulations and observational results (Younger et al. 2008; Hu 2008) , the M BH -σ ⋆ relation for super massive black holes in galaxies with pseudobulges (such as NGC 1672, Fisher & Drory 2010) has a similar slope but lower normalization than that for galaxies with classical early-type bulges (see figure 4 in Hu 2008 ). This new relation predicts a central black hole mass of only ∼ 10 6 M ⊙ for NGC 1672. If the central X-ray source is a LLAGN, then its luminosity implies a very low accretion rate, with L X /L Edd ∼ 3 × 10 −6 (or L bol /L Edd ∼ 5 × 10 −5 if a bolometric correction for LLAGN of L bol = 15.8L X for the 2-10 keV band is assumed; Ho 2009).
However, strong evidence of low-level AGN activity comes from the radio imaging data, which shows that NGC 1672 has a compact 5 GHz radio core coincident with both the X-ray and optical nucleus (Figure 8c ). Bright radio cores are frequently found in LLAGN (e.g. Heckman 1980; Nagar et al. 2000) , and are believed to be the signature of radio jets produced by accreting super-massive black holes with radiatively inefficient accretion flows. The flux densities of the radio source are 0.95 mJy (νL ν = 2.6 × 10 36 erg s −1 ) at 10 GHz (3-cm), and 1.62 mJy (νL ν = 2.5 × 10 36 erg s −1 ) at 5 GHz (6-cm); these translate into a steep spectral slope of α = −0.91 ± 0.4 (where S ν ∝ ν α ). Both bright and low-luminosity AGN tend to have flat radio slopes (α ∼ 0), thought to result from self-absorption of synchrotron radiation from the base of a jet (Nagar et al. 2000) , although flat slopes can also be produced by thermal emission from optically-thin ionized gas in nuclear starbursts (Condon et al. 1991) . However, steeper slopes (−0.7 α −0.2) can be explained by optically-thin synchrotron emission from jets on larger scales (Nagar et al. 2001) , which is consistent with our result. SNRs are also expected to produce steep radio slopes (−0.7 α −0.4), and we investigate this possibility below. In contrast, radio emission from an advection-dominated accretion flow (ADAF; Narayan & Yi 1995) is predicted to have an inverted radio spectrum (0.2 α 1.3, Nagar et al. 2001) , which is not consistent with our result.
To investigate whether the radio/X-ray properties of this source are consistent with a super-massive, or stellar-mass black hole (i.e. a normal XRB), we can use the fundamentalplane relation of Merloni et al. (2003) . This relation shows that the 5 GHz radio luminosity, 2-10 keV X-ray luminosity and black hole mass are strongly correlated for both Galactic (stellar-mass) black holes and central super-massive black holes for a range of accretion rates, which is believed to result from an intimate connection between accretion flow and jet activity. The radio luminosity of the nuclear source in NGC 1672 is fully consistent with that expected from a jet from a ∼ 10 6 M ⊙ super-massive black hole (in combination with L X = 4 × 10 38 erg s −1 ), and approximately 5 orders of magnitude too luminous for a jet from a typical 10 M ⊙ stellarmass black hole (see their figure 5 ). This effectively rules out the normal XRB scenario. (Note that a similar result is found for the one off-nuclear X-ray source with a radio counterpart, see § 4.1).
We can also estimate the probability of a chance coincidence of an XRB with the nucleus, using the 'Universal' luminosity functions of high-mass XRBs (HMXBs; Grimm et al. 2003 ) and low-mass XRBs (LMXBs; Gilfanov 2004), which depend on star formation rate and stellar mass, respectively. To calculate the SFR for the nuclear region only (excluding contributions from the ring), we use a spatially resolved, Hα line flux measured in the central 2 ′′ of the galaxy (9.2×10 38 erg s −1 ; Storchi-Bergmann et al. 1996) together with the Hα-SFR calibration of Kennicutt (1998) (hereafter K98). A color excess of E(B − V ) = 0.16 was derived from the Balmer decrement in the nuclear region, and the Hα flux is corrected for this. Note that we do not use the narrow-band ACS Hα data for this purpose, since this filter (F658N) is known to be contaminated by the [N II] λλ6583 and 6548 lines (O'Dell 2004) . Using the K98 SFR calibration:
the Hα luminosity is equivalent to a nuclear SFR of 0.007 M ⊙ yr −1 (if star formation is the source of the emission). According to the relation of Grimm et al. (2003) , this predicts only ∼0.01 HMXBs with luminosities greater than 4 × 10 38 erg s −1 . To estimate the stellar mass in the nuclear region, we use the Spitzer IRAC 3.6µm measurement as a proxy for the K-band luminosity, and convert this to stellar mass using the K-band mass-to-light ratio of Bell et al. (2003) 
The universal LMXB luminosity function (Gilfanov 2004 ) predicts only ∼0.008 LMXBs above 4 × 10 38 erg s −1 for this stellar mass.
The other possibility is that the X-ray and radio core emission arises from SN/SNRs. Although soft thermal X-ray emission is the characteristic signature of SN/SNRs (resulting from shock fronts interacting with circumstellar and ISM material, e.g. Immler & Lewin 2003) , hard non-thermal emission is detected in some SN, possibly emitted from a young pulsar left behind in a core-collapse event. An example of this is SN 1968D (Soria & Perna 2008) , where the 2-10 keV component has L X ∼ 10 37 erg s −1 . However, the soft component dominates the 0.3-10 keV luminosity, with the hard emission only contributing ∼10% to the total. This is not the case here; after careful background subtraction using the area inside the ring, there are no soft 0.3-1 keV counts. While this is likely due to absorption, the hard 2-10 keV band luminosity dominates the detected emission.
We can also use the radio data to investigate the SN/SNR option. Kewley et al. (2000) have previously detected compact radio emission at 2.3 GHz in the core of NGC 1672, and speculated, by calculating the theoretical radio SNR luminosity and comparing it to the observed luminosity, that it is possible that this can be produced by clumps of luminous radio SN, similar to those found in the nuclei of Arp 220 (Smith et al. 1998 ) and M82 (Huang et al. 1994 ). However, they used a SFR (derived from far-IR data) for the whole galaxy rather than the nuclear region, and therefore this was not conclusive evidence for or against the presence of an AGN. What is required is a similar test for the nuclear region only.
Following the recipe of Kewley et al. (2000) , we take the SFR and calculate the expected supernova rate, ν SN , integrating the SFR over a Salpeter initial mass function (IMF) with lower and upper mass limits of 0.1 M ⊙ and 100 M ⊙ , and a minimum initial mass for supernova detonation, m SN = 8 M ⊙ :
whereṁ is the SFR. This results in ν SN = 5 × 10 −5 yr −1 . We can then calculate the non-thermal radio luminosity expected for this SN rate for both young supernovae (L YSN NT (ν), with radio lifetime t radio = 10 yr), and old supernova remnants (L SNR NT (ν), with t radio = 2×10 4 yr), using the following equations derived by Colina & Perez-Olea (1992) erg s −1 at 5 GHz. The total of the two is a factor of 34 lower than the measured luminosity of the compact central source at this frequency (νL ν = 2.5 × 10 36 erg s −1 ), which indicates that SNRs are not the primary source of the radio emission. However, we must consider the uncertainties associated with the SFR conversion and extinction correction used here. Kennicutt et al. (2009) have made a detailed investigation of the systematic uncertainties associated with the Balmer decrement correction, and find it to be accurate to 15% on average. Indeed, apart from variations in the IMF, the amount of extinction present is the dominant source of uncertainty in the Hα-SFR conversion (Kennicutt et al. 2009 ). Once the correction has been applied, additional uncertainties arise from variations in metallicity and stellar ages, but only at the ∼20% level (Calzetti et al. 2007) . Taking these factors into consideration, we conclude that SNRs cannot easily account for the high radio output in the core of NGC 1672. Figure 11 . The spectral energy distribution (SED) of the nuclear source in NGC 1672. The IR and optical measurements are shown as upper limits, since there is likely to be contamination from starlight at these wavelengths. Also plotted is the average LLAGN SED of Ho (2005) (solid red line) , and the average radio-loud (dotted blue line) and radio-quiet (dashed green line) quasar SEDs of Elvis et al. (1994) , normalized to the X-ray luminosity of NGC 1672 at 2 keV. Figure 11 shows the SED of the nuclear source, constructed using the spatially-resolved measurements at radio, near-IR, optical, UV and X-ray wavelengths. The X-ray spectral slope, plus upper/lower limits estimated from the hardness ratio, are shown in νL ν units as a 'bow-tie'. For comparison, we also plot the average LLAGN SED of Ho (2005) , as well as the average SEDs of radio-quiet and radio-loud quasars from Elvis et al. (1994) , which are all normalized to the 2 keV nuclear X-ray luminosity of NGC 1672.
The Spectral Energy Distribution
These measurements allow us to derive some useful broad spectral properties of the source. One such diagnostic is its radio 'loudness'. Terashima & Wilson (2003) define a ratio of radio-to-X-ray luminosity, R X = νL ν (5 GHz)/L X , which is more sensitive to highly absorbed sources than the traditional radio-to-B-band luminosity ratio. A 5 GHz radio luminosity of νL ν = 2.5 × 10 36 erg s −1 and a 2-10 keV X-ray luminosity of L X = 4 × 10 38 erg s −1 gives log R X = −2.2, which classifies the nucleus of NGC 1672 as radio loud (see their figure 5 ). This is consistent with other LLAGN and the hypothesis that the majority of LLAGN possess relativistic jets (e.g. Ho 2005) .
Given the scaling of the comparison SEDs, the radio luminosity of NGC 1672 is consistent with that of both the average LLAGN and radio-loud quasars. However, there is a clear excess of emission at near-IR and optical wavelengths with respect to the average SEDs, which indicates that the photometry is contaminated by star-formation in the region. Indeed, the optical HST measurements are considered to be upper limits on the luminosity of a nuclear point source ( § 3.4.1), and we denote them, and the near-IR measurements, as such with arrows. This excess indicates that the nuclear emission is a combination of both a low-accretion-rate central black hole and star formation in the central ∼200 pc around the black hole; this agrees with the study of Veron et al. (1981) , who detected both narrow and slightly broadened weak optical emission lines in the central 2 ′′ × 4 ′′ nuclear region (see § 2) and concluded that they likely represent a composite HII/Seyfert nucleus.
We can also test whether the Hα luminosity is consistent with the L X /L Hα correlation of Ho et al. (2001) for AGN. The underlying physical reason for this relation, which holds from bright quasars all the way down to the LLAGN regime, is that the optical emission lines are powered by photoionization from a hard AGN continuum, which naturally scales with the X-ray luminosity. Type-1 objects follow the relation strongly, while Type-2 Seyferts/LLAGN tend to be more under-luminous in X-rays (see figure 2 in Ho et al. 2001 ). This suggests that either the Hα luminosity may also have a contribution from other processes (e.g., star formation) in the vicinity of the central black hole in these objects, or that the AGN is highly absorbed and therefore only appears underluminous in the X-ray band (Terashima & Wilson 2003) . The nuclear source of NGC 1672, with L X = 4 × 10 38 erg s We have also calculated Spitzer IRAC colors to compare with the color-color diagram of Sajina et al. (2005) , which separates PAH-dominated (star-forming), stellar-dominated (passive) and continuum-dominated (AGN) sources. The colors of the nuclear source of NGC 1672 (log[f ν 5.8/f ν 3.6] = −0.27 ± 0.03 and log[f ν 8.0/f ν 4.5] = 0.10 ± 0.01) fall at the intersection of all three source types, indicating again that there is some star-formation activity in the nuclear region (which agrees with the imaging, see Figure 8 (d), where the PAH emission is clearly visible).
Is the Nucleus Compton-Thick?
Since there is evidence for a composite nucleus with some absorption, we can investigate whether it is Compton-thick (N H > 10 24 cm −2 ). Observationally, the nuclear source is faint and hard at X-ray wavelengths, with an upper limit on the absorption of a modest value of N H ∼ 1.5×10 22 cm −2 (as derived from the hardness ratio). However in Compton-thick sources, the direct X-ray emission is completely suppressed below ∼10 keV; the observed 2-10 keV component represents X-rays reflected or scattered by surrounding material, which tends to produce a hard X-ray spectrum (Bassani et al. 1999; Cappi et al. 2006) . Therefore, the observed luminosity and spectral slope will not be representative of the intrinsic properties of the source (e.g. the archetypal Seyfert 2 galaxy NGC 1068, Matt et al. 1997; Iwasawa et al. 1997) , and may lead to mis-classification as a moderately absorbed LLAGN.
An X-ray signature of a Compton-thick AGN is a strong Fe Kα line at 6.4 keV (equivalent width typically 1 keV), due it being measured against a depressed X-ray continuum (Bassani et al. 1999) . However, in the case of NGC 1672 we cannot place any meaningful limits on the presence of such a line due to the low number of counts in the Chandra detection. The 720 eV equivalent width upper limit from the XMMNewton spectral fits (see § 4.4) does not provide a good constraint due to dilution by sources in the circumnuclear ring.
Other multiwavelength measurements can also provide evidence for the presence or absence of strong absorption. For example, an indicator that a source may be highly absorbed is the ratio of 2-10 keV X-ray flux to the [O III] λ5007 line flux. The [O III] line is believed to be a measure of the intrinsic brightness of the source since it is produced by the photoionizing AGN continuum, but in the narrow line region (NLR) far from the nucleus (see Cappi et al. 2006 and references therein). Storchi-Bergmann et al. (1996) −0.34 . Unfortunately, this is inconclusive, as it falls on the borderline of the Comptonthick category (typically < 1, Bassani et al. 1999; Cappi et al. 2006) , and some confirmed Compton-thick galaxies have ratios within our error range (e.g. NGC 3079; Cappi et al. 2006) . However, it indicates that there is some absorption in the nucleus, which is consistent with Type-2 classification.
COMPARISON WITH OTHER NEARBY GALAXIES
How do the results for NGC 1672 fit into the broader picture of AGN evolution? Do more barred galaxies contain AGN than non-barred galaxies because of the extra fuel provided, and what are their X-ray luminosities? What effect does the presence of a circumnuclear ring have?
A preliminary inspection of published results for nearby spiral galaxies observed with Chandra to date reveals a large range of observed nuclear X-ray properties, regardless of morphological type. For instance, while the strongly-barred galaxies NGC 1365, NGC 1386, NGC 3079 and NGC 3393 are classified as Compton-thick, with absorption-corrected 2-10 keV X-ray luminosities of > 10 42 erg s −1 (Risaliti et al. 2005; Levenson et al. 2006; Panessa et al. 2006) , other strongly-barred systems such as NGC 660, NGC 1023 and NGC 2787 Zhang et al. 2009) Flohic et al. 2006) . This indicates that the presence of a ring does not affect the X-ray luminosity of the nucleus in an obvious or straight-forward way. For example, they do not all possess low-luminosity nuclei, which would be expected if a ring prevents the fuel from reaching the very center of the galaxy, a scenario suggested by Ho et al. (1997) . It is also possible that galaxies with non-or low-luminosity detections have AGN that are highly absorbed, or even Compton-thick, which is more likely in barred systems due to the increase in gas/star formation activity in the central regions.
In a recent survey of 187 nearby galaxies observed with Chandra, Zhang et al. (2009) found no correlation between the presence of a strong bar and the frequency or X-ray luminosity of nuclear sources. Indeed, they found a possible anticorrelation, in that strongly-barred galaxies tend to have lessactive nuclei than unbarred or weakly-barred galaxies. However, this study did not take into account the presence/absence of circumnuclear rings, or other smaller-scale features such as nuclear bars. Additionally, hydrodynamic mechanisms such as turbulence in the ISM close to the nucleus (e.g. nuclear spirals) may play a significant role in AGN fueling (Martini et al. 2003) . Clearly, an extensive multiwavelength investigation is required to untangle the possible effects of large-and smallscale morphological features, as well as significant absorption, on the X-ray properties of AGN. That is beyond the scope of this paper, but will be addressed in a future study.
SUMMARY & CONCLUSIONS
This paper is part of a continuing study in which we are aiming to ascertain how both the large-and small-scale morphology of a galaxy may affect its nuclear activity. We are studying this primarily from an X-ray perspective, as X-ray observations provide an ideal tool for searching for low-level nuclear activity that may not be visible at other wavelengths. Here, we have performed a pilot study on the nearby barred spiral galaxy NGC 1672, using the high-spatial-resolution imaging power of Chandra, in conjunction with the spectral capabilities of XMM-Newton, to study the X-ray properties of the nuclear emission. We have supplemented this with multiwavelength imaging data from the HST/ACS, Spitzer IRAC and ATCA ground-based radio observations. We have also analyzed the X-ray point source and diffuse emission properties of this galaxy. Our main results can be summarized as follows:
1. We detect 28 X-ray sources within the D 25 area of the galaxy, ranging between L X = 7.4 × 10 37 − 9.0 × 10 39 erg s −1 in the 0.3-10 keV band. The positions of many of the sources outside the nuclear region correlate with star-formation in the bar and spiral arms, and two are identified as background galaxies in the HST images. Nine of the X-ray sources are ULXs, with the three brightest (L X > 5 × 10 39 erg s −1 ) located at the ends of the bar. There is also a diffuse component that traces star formation in the bar region, with a total X-ray luminosity of 9.0 × 10 39 erg s −1 in the 0.5-2 keV band.
2. With high-spatial-resolution Chandra imaging, we have shown, for the first time, that NGC 1672 possesses a hard (Γ ∼ 1.5) nuclear X-ray source, with a low 2-10 keV luminosity of 4 × 10 38 erg s −1 (Figure 8 ). This in turn is surrounded by an X-ray bright circumnuclear star-forming ring (comprised of point sources and hot gas), which dominates the 2-10 keV X-ray emission in the central region of the galaxy (2.7 × 10 39 erg s −1 within a radius of 22 ′′ ). The ring structure and nuclear source are also present in the radio and IR imaging. The central ring region is not spatially resolved with XMMNewton, but spectral fits indicate that there is no significant long-term variability of the nuclear flux over the 2 year period between the XMM-Newton and Chandra observations, or with respect to ROSAT HRI observations 9 and 14 years earlier.
3. Spatially resolved, multiwavelength photometry of the nuclear source supports the hypothesis that it is an LLAGN accreting at a low rate (L X /L Edd ∼ 3×10 −6 ). The main discriminator is a bright radio counterpart, which cannot be easily accounted for by other possibilities such as a normal XRB or the combined emission from young SN/SNRs. The broad-band SED is consistent with a radio-loud LLAGN, although an excess of optical and IR flux indicates the presence of star formation activity close to the central black hole. The HST imaging also shows the presence of a nuclear spiral, which is a candidate mechanism for AGN fueling (Martini et al. 2003) . While the X-ray hardness ratio indicates that there is some absorption present in the nuclear region (N H < 1.5 × 10 22 cm −2 ), the ratio of the 2-10 keV X-ray flux to the [O III] λ5007 line flux does not provide strong evidence that the nucleus is Compton-thick.
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